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1. Summary of accomplishments

Contract: F41624-02-D-7003, Order 001 - Optical Radiation Bioeffects
TO1 Final Report, Data Item A014

Northrop Grumman, as part of the Laser Bioeffects Integrated Product Team, completed work in
its second two-year term as an AFOSR "STAR Team." The Team's interaction has continued
with researchers from Wellman Laboratory of Harvard Medical School, The Uniformed Services
University of the Health Sciences, the University of Texas Health Sciences Center in San
Antonio, The US Air Force Academy, Florida International University, Ft. Hays State
University, The University of Illinois-Champaign/Urbana and the Liibeck Medical Laser Center
in Liibeck, Germany.

Cognizant of future AF scientific needs, the Laser Bioeffects Team has turned their attention
toward the biomolecular effects of lasers on the eye and skin. The impact of lasers will be of
greatest concern to commanders who will see applications from advanced visual displays (e.g.
retinal displays) to high-energy laser weaponization. This has been emphasized at numerous
conferences and taskings (including SECDEF briefing on laser safety). By directing our
attention toward the science behind the problems that will be faced in the modem battlefield, we
will protect our personnel and allow the effective use of advanced DoD laser systems.

The Northrop Grumman Laser Bioeffects Team successfully validated an "in vitro" model of
pigmented RPE cell culture that allows for reproducible variation of pigmentation. Pigmentation
of cultured hTERT-RPE 1 cells is achieved by application of aliquots of previously isolated
bovine melanosomes. The modification depends on the high efficiency of the RPE cells for
internalizing the pigment by a phagocytic mechanism.

Figure 1. Artificially pigmented RPE cells as laser bioeffects model. Human hTERT-RPE1 cells have
increasing degrees of pigmentation (A-C) by simply adding increasing volumes of bovine melanosome stock
solutions. In combination with fluorescence "viability" indicator dyes the artificially pigmented cultures are useful
in assessing laser damage, such as the acute (0.25-s) 81 0-nm mode-locked laser damage region (red color) shown in
panel D.

Damage thresholds for acute (0.25 sec) mode-locked and CW laser exposures at 810 nm in our
artificially pigmented cell system approximated trends seen in previous in vivo measurements,
thus validating the new model system. At 3,000 W cm 2 (750 J cm-2) and above, pigmented cells
underwent a cavitation-mediated overt cell disruption. We were unable to produce identifiable
fluorescent targets of cell death (4 hr or 24 hr post-exposures of 0.25 sec) at lower fluences,
regardless of the degree of RPE pigmentation. In the absence of pigmentation, hTERT-RPE cell
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death was not detected (fluorescence) in cultures exposed (0.25 sec) to fluences as high as
30,000 W cm2 (7,500 J cmr2 ) at time points of 1 hr, 4 hr, 24 hr, or 48 hr post-exposure. These
measurements allow us to validate the levels required for thermal damage, thereby validating the
use of this human cell line for laser-tissue interaction studies without the use of nonhuman
primates.

Photochemical oxidation as the result of NIR laser exposure in the hTERT-RPE cell line (no
pigmentation) was detected and characterized. Using the oxidation-indicating dye CM-H2DCF-
DA at 100 mM, we detected targets of photo-oxidation using 810 nm mode-locked (but not CW)
laser exposures. At 810 nm we found a defined transition from no fluorescent target to positive
fluorescent target when total radiant exposure (J cm-2) delivered to the cells reached 194,000,
regardless of mode-locked exposure duration, as long as the average irradiance (W cm-2) was
greater than 10,000. We were unable to generate a fluorescent target using 810 nm CW
exposures with radiant exposures as high as 3,300,000 J cm"2 and average irradiances of 33,000
Wcrm-2 using conditions otherwise identical to those used for mode-locked exposures. We
extended our analysis of laser facilitated cellular oxidation to two additional NIR wavelengths.
When combined, the photo-oxidation data at 750, 810, and 900 nm show an important action
spectrum. The efficiency of the photochemical reaction, as measured by the lowest average
irradiance (mode-locked beams) leading to an oxidation target, is wavelength dependent. The
750 nm laser was most efficient requiring approximately 2,000 W cm 2 to generate oxidation
zones, followed by 900 nm at about 4,400 W cm-2, with 810 nm at the high end of the range at
9,900 W cm. 2

The Laser Bioeffects Team made use of a novel cell culture incubator modified for laser
exposures. The modification
has allowed for entry and

delivery of two separate laser Figure 2. Culture incubator modified
beams to two separate wells of for chronic laser exposures
a microtiter plate while
providing an environment
conducive for cell survival
during extended times of
exposure. Exposures at 810 nm
and 457 nm have been
delivered, with direct
comparisons of mode-locked
and CW beams because of
concurrent delivery.

The bioeffects team acquired a 1315 nm, nanosecond laser to provide the underpinnings for laser
safety for the Airborne Laser Program. The bioeffects project was funded by our in-house 6.3
high-energy laser program, but the modeling for this effort was being worked by the basic
research component. Minimum visible lesions have been created in both retinal and corneal
tissues at this wavelength. These were created at energies much higher levels than the maximum
permissible exposure levels, lending support to relaxing safety standards in this regime, giving
relief to the ABL program. Dr. Joe Zuclich of Northrop Grumman is proposing new maximum
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permissible exposure (MPE) levels for the entire near-infrared wavelength regime based on the
work done in our group. These new MPE's would dramatically affect the hazard evaluations
being done for novel DoD laser applications.

Table 1. Current and proposed MPEs. For exposure duration 10-9 - 50 x 10-6 s.

Wavelength Exposure Current MPE Proposed MPE
(tiM) Duration (s) (J-cm"2) (J'cm-f)

1.05-1.15 10-9-50 x 10-6 5 x 10-' 5 x 10-6

1.15- 1.20 10"-50 x 10-6 5 X 101(0 -1.15) x 10-6

1.20-1.40 10-9- 50 x 10-6 40 x 106

1.15-1.40 10-9 - 50 x 10-6 5 x 1 0 18(X- 115) x 10-6

(0.158 at X=1.4 pm)
1.40- 1.50 10-9- 50 x 10-6 0.1
1.50-1.80 10-9 - 50 x 10-6 1.0
1.80-2.60 10-9 - 50 x 10-6 0.1
2.60 - 10' 10-9- 10-7 0.01
2.60 - 10' 107 - 50 x 10-6 0.56 t°25

1.40-1.50 10-9 - 50 x 10-6 0.158+ 1-0 158 (A-1.40)

0.1
1.50-2.60 10"- 10-7 1.0 1-0.0 1 (A - 1.50)

1.1
1.50-2.60 10-7 -50 x 10.6 1.0- 1-0.56t 0 .25-1.50)

1.1

The Laser Bioeffects Team completed a series of measurements of the damage threshold to skin
for 1540 nm and 1315 nm laser pulses. The spot size has been varied for the 1540 nm,
microsecond laser exposures up to 0.7 mm. This was increased to several millimeters with the
acquisition of a multi-Joule laser. The new 1315 nm laser was used to complete the damage
mechanism work necessary for skin safety hazard determination. Several computer models were
exercised to predict temperature rises and damage thresholds for the measured thresholds, and a
Northrop Grumman subcontract collaborating with the University of Texas and HEDO has
measured the time-dependent temperature distribution for 1540 nm laser exposure to help
validate our modeling efforts.

The first-ever exposures of skin simulants to terawatt laser pulses were completed. The laser
system was a joint-funded 6.1/6.2 laser system which will allow for the evaluation of advanced
laser applications using high peak power laser pulses.

Dr. Clarence Cain of Northrop Grumman began writing a manuscript "Sub-50-fs Laser Retinal
Damage Thresholds in Primate Eyes with Group Velocity Dispersion, Self-Focusing and Low-
Density Plasmas." This paper described the determination of the effects of group velocity
dispersion on the retinal damage threshold for pulse durations below 100 fs. In addition, Dr.
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Clarence Cain presented an invited tutorial on laser safety with ultrashort lasers at the 2003 BiOS
Conference. This was recognition of the pioneering ultrashort pulse, laser-tissue interaction
work done within the AFOSR-supported effort.

The Advanced Ultrashort Laser Bioeffects Team furthered our collaboration with the modeling
group from the physics department at Ft. Hays State University (Kansas). Dr. Gavin Buffington
is the director of the group and has created the FHSU High Performance Computing Facility,
which is a parallel-computing system, developed with NASA funding. The work focused on
theoretical calculations of chirped-pulse LIB thresholds which were incorporated into a peer-
reviewed publication (submitted) on retinal damage for 40 fs laser exposures. The models will
be exercised to allow assessment of retinal damage to allow extension of retinal MPEs to the
shortest possible value (5 fs).

4



2. Publications

1. C. P. Cain, G. D. Noojin, D. J. Stolarski, R. J. Thomas and B. A. Rockwell, "Near-Infrared
Ultrashort Pulse Laser Bioeffects Studies (Final Report)," AFRL-HE-BR-TR-2003-0029,
Feb 2003.

2. C. Cain, T. Milner, S. Telenkov, K. Schuster, K. Stockton, D. Stolarski, B. Rockwell, W.
Roach and A. J. Welch, "Porcine Skin thermal response to near-IR lasers using a Fast
Infrared Camera," Laser Interaction with Tissue and Cells XV, edited by Steven L.
Jacques, William P. Roach, Proceedings of SPIE Vol. 5319, 313-324 (2004)

3. C. P. Cain, R. J. Thomas, D. J. Stolarski, G. D. Noojin, G. D. Buffington, P. K. Kennedy,
and B. A. Rockwell. "LIB thresholds at 44 fs, 810 nm for chirped and non-chirped laser
pulses," Commercial and Biomedical Applications of Ultrafast Lasers III, Joseph Neev,
Andreas Ostendorf & Christopher B. Schaffer, Editors, Proceeding of SPIE Vol. 4978, 70-
76 (2003).

4. T. M. Connor, J. Stolarski, K. L. Hayes, D. Burrows, M. L. Denton, D. M. Eikum, G. D.
Noojin, and B. A. Rockwell, "Microcavitation and spot size dependence for damage of
artificially pigmented hTERT-RPE1 cells," Laser Interaction with Tissue and Cells XV,
edited by Steven L. Jacques, William P. Roach, Proceedings of SPIE Vol. 5319, 245-251
(2004)

5. M. L. Denton, D. M. Eikum, G. D. Noojin, D. J. Stolarski, R. J. Thomas, R. D. Glickmaan,
and B. A. Rockwell, "Pigmentation in NIR laser tissue damage," Laser and Noncoherent
Light Ocular Effects: Epidemiology, Prevention, and Treatment HI, Bruce E. Stuck &
Michael Belkin, Editors, Proceedings of SPIE Vol. 4953, 78-84 (2003).

6. M. L. Denton, D. M. Eikum, D. J. Stolarski, G. D. Noojin, R. J. Thomas, B. A. Rockwell,
"Photo-oxidation from mode-locked laser exposure to hTERT-RPE1 cells," Laser
Interaction with Tissue and Cells XV, edited by Steven L. Jacques, William P. Roach,
Proceedings of SPIE Vol. 5319, 231-237 (2004)

7. R. D. Glickman, N. Kumar, B. A. Rockwell, G. D. Noojin, M. L. Denton, and D. J.
Stolarski, "Melanin and the cellular effects of ultrashort-pulse near-infrared laser
radiation," Laser-Tissue Interaction XlV: Photochemical, Photothermal and
Photomechanical, Steven L. Jacques, Editor, Proceedings of SPIE Vol. 4961, 97-105
(2003).

8. K. L. Hayes, R. J. Thomas, J. Stolarski, B. A. Rockwell, D. J. Stolarski, M. L. Denton, D.

M. Eikum. G. D. Noojin, and R. D. Glickman, "Nonlinear optical characterization of retinal
molecules," Laser and Noncoherent Light Ocular Effects: Epidemiology, Prevention, and
Treatment III, Bruce E. Stuck & Michael Belkin, Editors, Proceedings of SPIE Vol. 4953,
101-106 (2003).



9. P. K. Kennedy, J. A. Zuclich, D. J. Lund, P. R. Edsall, S. Till, B. E. Stuck, R. C. Hollins,
"Laser Induced Retinal Damage Thresholds for Annular Retinal Beam Profiles," Laser
Interaction with Tissue and Cells XV, edited by Steven L. Jacques, William P. Roach,
Proceedings of SPIE Vol. 5319, 258-266 (2004)

10. S. S. Kumru, B. A. Rockwell, G. D. Noojin, "Effects of Femtosecond Terawatt Laser
Pulses on Materials Similar to Porcine Skin," Laser Interaction with Tissue and Cells XV,
edited by Steven L. Jacques, William P. Roach, Proceedings of SPIE Vol. 5319, 252-257
(2004)

11. C. I. Montes de Oca, C. P. Cain, K. J. Schuster, K. Stockton, J. J. Thomas, T. A. Eggleston,
and W. P. Roach. "Measured skin damage thresholds for 1314-nm laser exposures," Laser
and Noncoherent Light Ocular Effects: Epidemiology, Prevention, and Treatment III,
Bruce E. Stuck & Michael Belkin, Editors, Proceedings of SPIE Vol. 4953, 117-123
(2003).

12. G. D. Polhlamus, J. A. Zuclich, C. P. Cain, R. J. Thomas, and M. Foltz, "Model predictions
of ocular injury from 1315-nm laser light," Laser and Noncoherent Light Ocular Effects:
Epidemiology, Prevention, and Treatment III, Bruce E. Stuck & Michael Belkin, Editors,
Proceedings of SPIE Vol. 4953, 91-100 (2003).

13. J. Stolarski, K. L. Hayes, R. J. Thomas, G. D. Noojin, D. J. Stolarski, and B. A. Rockwell.
"Laser eye protection bleaching with femtosecond exposure," Laser and Noncoherent Light
Ocular Effects: Epidemiology, Prevention, and Treatment III, Bruce E. Stuck & Michael
Belkin, Editors, Proceedings of SPIE Vol. 4953, 177-184 (2003).

14. J. J. Thomas, C. P. Cain, D. J. Stolarski, G. D. Noojin, K. J. Schuster, T. A. Eggleston, K.
Stockton, and W. P. Roach. "Comparative analysis of spot size dependence for lesions
produced by infrared laser pulses," Laser and Noncoherent Light Ocular Effects:
Epidemiology, Prevention, and Treatment III, Bruce E. Stuck & Michael Belkin, Editors,
Proceedings of SPIE Vol. 4953, 124-130 (2003).

15. W. P. Roach, C. Cain, K. Schuster, K. Stockton, D. Stolarski, R. Galloway, and B.
Rockwell, "Model Predictions and Measured Skin Damage Thresholds for 1.54 Elm Laser
Pulses in Porcine Skin," Laser Interaction with Tissue and Cells XV, edited by Steven L.
Jacques, William P. Roach, Proceedings of SPIE Vol. 5319, 325-334 (2004)

16. W. P. Roach, J. J. Thomas, K. J. Schuster, K. Stockton, D. J. Stolarski, M. S. Foltz, B. A.
Rockwell, and C. P. Cain, "Model predictions and measured skin damage thresholds for
1.54-micron laser pulses in porcine skin," Laser-Tissue Interaction XIV: Photochemical,
Photothermal and Photomechanical, Steven L. Jacques, Editor, Proceedings of SPIE Vol.
4961, 90-96 (2003).

6


